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ABSTRACT 


A study has been mide of the mechanics leading to a geomtric 
peak in the neutron yield eurve of endoergic (p,n) reactions. 


Theoretical expressions have been derived for the neutron yield 
as a function of proton energy and counter position for the case of a 
monoergic proton beam, assuming isotropic emission of neutrons in the 
center~of-mss system and neglecting proton straggling within the tar- 
got. The derivative of the theoretical yield curve is evaluated at 
the peak position to get an equation for target thickness in terms of 
peak position, counter position, and reaction threshold. These re- 
sults are applied to the li(p,n} reaction. 


The effects of proton strageling and spread in the proton beam 
energy are then considered, and a method given to obtain an approxi~ 
mation to target thickness where these effects must be taken into ac- 
count as is the case for very thin targets. 
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I. INTRODUCTION 

The Ii(p,n) reaction has long been a source of neutrons for 
experimental work. In many experiments where it is necessary to know 
the energy resolution of the neutrons, target thickness is the min 
factor contributing to this resolution, and it becomes imperative to 
know the value of target thickness within reasonable limits. In other 
experiments the neutron energy resolution my be due primarily to 
other effects, such as energy spread of the incident proton beam or 
the geometry of the experiment; since the neutron energy has an angu- 
lar dependence, the finite size of materials (scatterers, absorbers, 
and so forth) introduces a neutron energy spread. For those experi- 
ments that fall in the latter category, as is probable when using 
very thin targets, an accurate determination of target thickness is 
not important from the viewpoint of determining the neutron energy 
resolution. However, even here, other considerations my require 
that target thickness be accurately determined. 

There are many articles in the literature dealing with endo- 
ergic reactions in general and the li(p,n) reaction in particular, 
noteworthy among which is the work of Hansen, Taschek, and Williams!, 
As @ result of their work, they observed that by using a conventional 
8-ineh long comter for neutron detection, located 1 meter from the 
target along the beam axis, the difference between the proton erergy 
at the geometric peak and at threshold was a good approximation of 
target thickness. This method of determining target thickness is 
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commonly used and ie referred to as the “rise” mthod. They also 
discussed the use of @ calibrated counter for determining the thick- 
ness of fresh lithium targets. 

In the course of certain experiments at this laboratory, a 
question arose concerning the accuracy of the rise method of deter~ 
mining target thickness, and, further, the effect of moving the coun- 
ter closer to the target in order to obtain higher counting rates. 
This thesis is the result of a study to answer the above questions. 
During the course of this work, it was found that target thickness 
had been determined previously"? in at least two cases by fitting a 
theoretical yleld curve to the experimental curve, but no thorough 
treatment of this method has been found. Such a method should give 
accurate results if the energy spread of the incident beam and 
straggling within the target are considered. 

Tt would seem, however, that this method must be tedious, 
since two paramters, target thickness and effective half-angle of 
the counter, must be adjusted by trial and error until a best fit is 
obtained over the rise portion of the geometric peak. Whereas the 
shape of the rise portion of the curve and the height of the peak 
depend rather strongly on the proton energy spread within the target, 
the proton energy at which the peak occurs is not strongly dependent 
om the proton energy resolution. This situation is quite similar to 
the effect of resolution on the shape of a cross-section resonance. 
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Tt is because of this that the rise method can be used for determin- 
ing the target thickness in the manner indicated in this thesis. 
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be represented as in Figure 6, Appendix A. The reaction is pic- 
tured as occurring at the center of sphere A, the radius (V,) rep 
resenting the velocity of the neutron in the center-of-mass system. 
To transform to the laboratory system, it is only necessary to add 
the velocity of the center of megs to each point on the surface of 
sphere A, thus obtaining sphere B, also of radius Vy. A veetor from 
the center of sphere A to any point on the surface of sphere B rep~ 
resents a particular neutron velocity (energy) in the laboratory. 
Thus, a group of neutrons appears in the laboratory with essentially 
a continuum of velocities ranging from a minimum value (Von = Vy) 
to ® mximum value (Vom + V_), both occurring at sero degrees. 

At threshold the neutrons are "squeesed" out of the nucleus 
With velocity (V,) equal to zero. In this limiting case, spheres 
A and B are reduced to points, and all of the neutrons appear at 
zero degrees in the laboratory with a velocity equal to that of 
the center of mss. At a slightly higher proton energy, spheres A 
and B have a finite size as depicted in Figure 8. Here, sphere B 
defines a cone of neutrons of half-angle y. At my angle less than 
¥, Sphore B is intercepted in two points corresponding to two differ- 
ent neutron energies. Consequently, an element of solid angle within 
the neutron cone will intercept two groups of neutrons of different 
energies. 

Since the neutron cone is defined by the angle y for which 
the cone and sphere are tangegt, it follows that the point of 
tangency corresponds to neutrons of a particular energy. 
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The cone gets larger with increasing proton energy until the 
neutron velocity in the center-of-mass system is equal to the center=- 
of-mass velocity, at which time the cone has opened up to 21 steradians 
so that neutrons are being emitted inte the entire forward hemisphere 
in the laboretorye The proton energy at which this cecurs is desig- 
nated Ey, and at thie energy the lower-energy neutron group disappears. 
With any further increase of proton energy above By, neutrons are 
emitted throughout the entire hn steradians of the laboratory. 

With the long counter placed with its axis along the beam axis, 
the fraction (G) of neutrons emitted from thickness dE which enters 
the counter depends on the size of the neutron cone and the half- 
angle (@) which the comter subtenis at the target. If E, is defined 
as that proton energy at which the neutron cone is equal to the cone 
subtended by the counter, then the fraction (G) has the following 
values (Appendix A)s 
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and My 2 ,3,h are the meses of the projectile particle, target 
nucleus, resultant particle, and product nucleus, respectively. 
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ItI. CROSS SECTICN 


Prom theoretical considerations, 1t is show!’ that, for a 
neutron emitted with angular momentum £ » the cross section at 
energies just above threshold is given by: 


(4) oj (ayn) = const By aie 


where “a" is the charged particle inducing the reaction, and E, is 
the neutron energy in the center~of-mss system. Because of the high 
contrifucal barrier in the region just above threshold for neutrons 
with angular momentim other than zero”, the contribution to the yield 
from such nevtrone will be email compared with that from neutrons 
heaving sero anguler momentum, hence no centrifugal barrier. 

Since the threshold neutrons mostly have 2 = 0, 


(5) @ {a,n) © const E,)/? = const V,,. 


In Appendix A, it is shown that the neutron velocity in the 


center-of-mass system is given bys 
Vn = const (E « 2)" 


where Ey is the threshold energy and E the instantaneous energy of 
the incident particle. Then the cross section o- my be written: 


(6) oo @ o(B = By)? where C is a constant. 
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Tv. COUNTER SENSITIVITY | 


The Sinch long counter°is the result of several attempts 
to find an arrangement of pareffin surrounding a boron detector such 
that the number of boron disintegrations is proportional to the num 
ber of primry-source neutrons and independent of their energies over 
a wide range. This counter consists of a paraffin cylinder 12 inches 
in length and § inches in diameter. Along ite axis is a BF; propor~ 
tional counter 1 inch in diamter and 8 inches in active length is 
embedded. It protrudes slightly over the front face of the paraffin 
but is protected from direct therm] neutrons by a cadmium shield. 
An aluminum tube shields the counter electrically. For insulation, 
the space between the counter wall and the shield is filled with 
ceresin wax. The central electrode consists of a Kovar wire of 10- 
mil diameter. The counter is filled with enriched (80 percent B10) 
BF3 to a pressure of 25 om lige With-2700 volts applied to the wall 
@ gas multiplication of about 10 is obtained. With the source of 
neutrons placed on the counter axis one meter from the face, a flat 
response is obtained in the region from about 0.5 to 3.0 Mev. The 
performance of the counter may be explained qualitatively as follows. 

The length of the counter is many times greater than the man 
free path of any neutrons to be detected. Newtrons entering the 
paraffin are degraded to therm] energies and diffuse into the detec~ 
tor where they give rise to B(n,«) reactions. Because of the large 
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cross section, the counting rate is determined essentially by the 
flux of thermal neutrons. Yor an infinitely large slab of paraffin, 
the efficiency would increase with increasing neutron energy, since 
low-energy neutrons penetrate only a short distance into the paraffin 
before being thermalized. Therefore, the low-energy neutrons have a 
better chance of escaping through the front face (instead of passing 
through the detector) than neutrons that were originally of higher 
energy and are thermilised at a greater distance from the front face. 
There are two reasons for this. At higher energies, more collisions 
are required for thermlisation, and the collision cross section is 
smller than at low energies. In order to minimize the dependence 
of the efficiency on the energy, the dimensions of the paraffin 

must be such that the thermlized fast neutrons have an increased 
chance to escape from the paraffin. 

The probability that a noutron striking & long counter will 
be counted is a function of its energy and direction, and the dis- 
tance from the counter axis at which it strikes. The conventional 
@—ineh long counter has been designed to give a flat response in the 
region from about 0.5 to 3 Mev, for a wniform distribution over the 
face of the counter. The situation is somewhat different in this 
problem as the neutrons are emitted in a cone of varying solid angle 
within which the energy distribution is not wiform. nly after the 
cone has opened up to hn steradians is the distribution approximtely 
wniform over the counter face, but the forward direction is still 
favored. | 
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A theoretical caleulation of coumter sensitivity would be 
very difficult, if not impossible. It seems that the best solution 
to the problem is to consider counter sensitivity as being constant, 
and to use a counter which is modified to best satisfy this assumption 
consistent with reasonable yield. 

For proton energies up to 0 kev above threshold, neutron 
energies will range froma few mv to about 120 kev. (Figure 13 
of reference 1.) For each proton energy in this range, the counter 
will intercept all of the neutrons if E< E, or two groups, high and 
low energy, if E> Ey. Because of the finite thickness of the target, 
both situations can occur simltaneously. The net result is that 
neutrons of various energies are incident upon the counter for any 
proton energy. 

The experimental sensitivity curves of Hanson and teKibben® 
show that a 6-inch paraffin diameter gives a flatter response than the 
conventional ®~inch counter for neutrons in the energy range from ther~ 
mal to a few hundred kev. This is explained by the fact that the sen~- 
sitivity of the counter to high-energy neutrons is decreased because 
of the smller mss of paraffin, am! the sensitivity to lor-onergy 
neutrons is therefore relatively high. It may be inferred that a 
paraffin diameter less than 6 inches will give a still flatter re~ 
Sponse over the energy range of interest. Snowden and Whitehead® 
have used a h-inch paraffin diameter in their work of fitting a theo~- 
retical yield curve to the experimental yield curve. 
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Re As Nobles et al’ have modified the shielded long counter® 
by employing 2 BF; counter of larger diameter placed slightly farther 
forward in the reraffin moderator. Whereas the conventioml shielded 
long courter shows a 10 percent drop in efficiency at 25 kev compared 
to the flat response region, it is claimed for the modified counter 
that no decrease in efficiency has occurred at 25 kev. 

Tn the design of the optimm counter, another factor must be 
considered. Those neutrons which strike near the outer periphery of 
the neraffin have a velocity which is at an angle with respect to 
the counter axis. This my be represented as follows: 


These neutrons have a higher probability of escaping from the 
counter because of the emliler amount of paraffin in the direction of 
their motion. The result is that the counter will have an effective 
half-angle (@,¢) lesa than its true half-angle (@). This effect is 
increased as the counter is moved closer to the target. It seems that 
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the use of a truncated cone of paraffin as employed by Bonner and 
Butler would reduee this effect. However, for optimm results, 
this would demand a separate trumeated cone for each position of 
the counter. [ven then, one could not expect the loss of counts to 
oceur sharply at E = E,. Possibly the best practical counter would 
be one having a truncated cone corresponding to the average position 
at which the counter is expected to be used. 

The benefits of such an optimm design my not be sufficient 
to offset the advantage of using the conventional counter. In either 
case, it will be necessary to know the effective half-angle of the 
counter for various counter positions. 
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with the foregoing discussions, equation (2) becomes: 
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(7) Ne * if G (@=2,)? ap 
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letting € = constant and o * (8 = Ey) 


where Z ® Wnf€ C =a constant, and JE = target thickness. 
Equations (3a,b,¢) indicate that the form of the analytical 
expression defining @ depends on the value of E at the point in 
question. This causes the integral of equation (7) to break up 
into two integrals if at any point within the target the croton energy 
has the value Ey or Ey. In order to evaluate equation (7) over the 
yield curve from threshold to a point beyond the geometric peak, it 
is necessary to know the sequence of = values. Only then can the 
proper G valve and the limits of integration be correctly selected. 
Of the five possible sequences of & values discussed in Appendix B, 
4% is there shown that only the following two sequences can occur for 
counter half-angles less than 30 degrees and target thicknesses less 
than 30 kev. (These two sequences are arranced in order of increasing 
E and will hereafter be referred to as cases I and ITI): 
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I It 
"ey By 
E, Ey + AF 
By + OF Ee 
E, + aE Ea * aE 
By Br, 
Ey + a8 Ey + AE 


For target thicknesses up to (Ey = By)/2 (19.85 kev for 
lithiua), case I will occur for B, < (Ep + 4B) and case IT for 
Ey > (Bp + dE)e Only case I can occur for 


ree Loe < (8, ~ 2) 


which for lithium is: 19.85 kev < aE < 30 kev. 
These two sequences my be illustrated in a typical sitwation 


as follows: 
fae 
Ey 
Case I (proton energy values) ti 


| itl 
Case II ! (proton energy values ) | 
L E. Ey 


As the proton energy scales move to the right relative to the 
target of thickness 45, they indicate the manner in which the various 


— P ; 7 é i 
=e et. 
" ~ | 
— ft t. oh Pr a . 
ee ae , eal 


_s 


is fy = A ae 


: r 
: -_ 
‘ ; ; 
" 
¥ 


writes onfem at? & aes 


av seve (T) coins 


ot of evbtefor tints alt of evom aaince wytene modem et eh ; v9 
evoltay dé daddtw xt roca eit ofaatha? yed¢ ,2A ewaulokdt to segue? 


-1i~ 


integrals arise when integrating over the vield curve. Expressing 
thie mthemtically, equation (7) takes the forms: 
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(9d,e,f) These are identical to (d,e,f), respectively. 


It is seen from equations (3a,b,c) that Go has the 


values: 
Qo = (E=m) 
Goer = (E = Bp)2/2 ~ (= By)? = Oy o = K(E = By)? 
Oso © 1/2 (f= By)? ~ (ep =)? +b Bl? 
“1/72 Oo + vn? 


Substituting these expressions for 1,2, 3 7 in equations 
(8) and (9) givess 
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Case IT¢ Ne /Z equals 
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(lid,e,f) These are identical to (10d,e,f), respectively. 


Integration of equations (10) and (11) give the following 
expressions: 
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Case Is 3Ne/2Z equals 
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Case II: 3c /2Z equals 

Cn ) a a ve ee 
(13b) (By = Ey)? = (By = By = a)? c+ 6 + EptiB CB, < B, 
(130) = Bp)? = (R, = By = an)?” & ues, = B,)?? Be < Bp < Eyed 


(13d,e,f) These are identical to (12d,e,f), respectively. 
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These equations my be used for computing a theoretical yield 
curve. A word of caution must be injected at this point concerning 
equations (12e,f) ami (13e,f). ‘These have teen derived from the 
assumption that o = 6(E ~ Br)1/2, and they will prove useful for 
reactions where that assumption is valid for the regions in question. 
The cross section for the Li(p,n) reaction, however, is almost con- 
stant throughout portions of the regions to which these equations 
apply. This is no handicap, however, since the equations (12a-<d) 
and (13a~d) enable one to compute a theoretical yield curve for tar- 
get thicknesses up to 30 kev which is the limit of thickness being 
considered. 


* 


hfety Laotdetoads 
8 pntteqmos tot bee 
‘<eipinindiateaitlh 
ie 


grirrrearms 
énteq edd 
ta betostat od sem aotsvas 
We brow A sera 


_ wt aot 
Sie ees Hie Gee ts 
Le 


“salevedlp 
at 
‘motgor sit ow AELSY A 


~22— 


VI. TARGET THICKNESS 


A visual inspection of equations (12a,b) and (13a,b) shows 
that the geometric peak must occur for: 


Case Te Eo > Bp + a8 


Case IIs E> EB 


The requirement that the peak oceur in the region defined by 
equations (12¢) and (13c) for Cases I and II, respectively, is in 
either case: 

Nelat Bg * By +a -€) > Ng (at Bo © Ee + ak) 
where € is an infinitesiml. 


Utilizing equation (12¢) or (13¢), the requirement is: 
(By = Bp + a8 =€)7/2 (uy » wp oe )9/% az wc 3/2 a 


Expanding and collecting terms: 
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Sqvaring both sides: 


az + 2e(an)/2¢g, = m,)/2 > ap 
1- k*\2 . 
Cae? ap < Be = Bp 


a < ise... 
Mei « 2 


Evaluation of the expression on the right-hand side of this 
inequality (Table IX, Appendix B) for values of @ between sero and 
30 degrees, shows that this inequality holds for target thicknesses 
up to about 00 kev. Thus, the peak will occur in the regions de- 
fined by equations (12c) and (13c) for Cases I and II, respectively. 
Taking the derivative of Ne with respect to Ey, in this region and 
evaluating at the peak positions 


= = O, where E, ig the incident particle energy at the 
Ep ' 


peak positione 


veered qaalforison eto tttreg Apeq 


(uh) ak = Ey= Bp =k 


where x ® [(ny = Byy/? = Uy = Bg)” 17 


2 
e [cH - ep)i/? - cos oa (2 ~ 1)/2 ] 


The correction term (K) and the target thickness (48) are 
evalvated in Table X for various values of the effective half-angle 
of the counter (O,¢¢), and the proton energy difference between the 
geomtric peak and the reaction threshold (E, - Ep)e The results 
are presented as 2 family of curves in Figure l. 

If one assumes that the cross section is given by: 


(15) cr © cm an 


Or, equally well, if one introduces the slowly varying constant 

1/e5/2 under the integral sign of equations (10) and (11), then 
integration of these equations gives results that can be shown to 
be identical to the expressions given by Snowden and Whitehead” 

for Case Is they have made no mention of Case II. Proceeding as 
above, the derivative in the region of the peak leads to: 
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Figure | 


/ TARGET THICKNESS vs PROTON ENERGY 
/ DIFFERENCE BETWEEN THRESHOLD 
/ AND THE GEOMETRIC PEAK FOR 
VARIOUS EFFECTIVE HALF-ANGLES 
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Ep = ~K 
1 + SKE, 


in olese agreemnt with equation (1). This is not surprising, since 
there is but little variation in the factor (1/8°/2) over the rela- 
tively small range of energy being considered. Since these results 
add nothing new to the results previously obtained, the rather 
lengthy manipulations required for confirmation of the statezents 
gust mde are omitted. 

Equation (1) reduces to the result given by Hanson, Tasehek, 
and William? when @ is smll, namelys 
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VII. PROTON ENERGY RESOLUTION 


The result arrived at in equation (1h) is based upon the 
assumption of an incident monergic proton beam with no proton 
straggling within the target. The effects will now be considered 
of an initial energy spread and straggling within the target. 

The Rockefeller generator has an effective energy spread of 
about 0.075 percent with the entrance and exit slits set at 1.0 m 
width®, Several microamperes of bean current are available with this 
energy definition. Better energy resolution my be obtained at the 
expense of beam current by using a narrower slit width. 

In order to calculate the straggling it is necessary to mow 
the stopping power (energy loss per unit weight per unit area). 
Bethets”?” treatment of energy loss, based upon the Born approxi- 
mation, after correction for K shell binding, leads to the following 
equation in the nonrelativistic case: 


as). welatt Ts be 2m) a, 


I 

where 
= charge of the incident particle 
= velocity of the incident particle 
* the nuclear charge of the mterial 
mn = electronic mass 

* average excitation potential of the atom 
N © number of atoms per cm of the mterial 
Cy = correction term bo account for binding in K shell. 
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This equation as it stands gives the energy loss per unit 
path length. This equation is used to obtain the stopping power 
of lithium relative to beryllium for which the absolute value of 
stopping power is well imown!®, this immediately gives: 
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where P = density, W = atomic weight, and the subscript "o" denotes 
the standard which in this case is beryllium. The calculation follows: 


Relative stopping power = i. 
© 


where B and B, are the quantities within the brackets of numrator 
and denominator, respectively. 


Quv2 = (tun) (ui2) ‘ he 
159 


where M and E, are the mss and energy of the proton, respectively. 
Taking By = 1900 kev = 1.9 x 10° ev, 
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bn I Ln, 3); = 3.526 
on 1° Gn 60h = bell 


The above I values are from Table ||, reference (9). 


Oe << Cy, = Oh (Table TI~l, reference (10)). 


Therefore, 


Bw Meh Ol .  o.mrer, 
Bo 162892 = 0605 


, » %e 2 22025 oi 
Rel. Ston. Pwr (Id to Be) - (0.8h85 ) + ae (0.8)85) = 1.09 


Using the value 14) for the absolute stopping power of beryl~ 
lium for 1900-kev protons (Table IlJ~7, reference (10)), one obtains 
for lithium: 


Stopping Power (Ii) © sh x 1.09 = 157 lev ont 
An initially homogeneous beam of protons, after passing 
through a target of thickness t will have an energy distribution 
with a standard deviation? given byt, 
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where Mand e are the mass and charge of the proton, Z and A are the 
atomic and mes mmbers of the target element, respectively. The 
thickness t is in weight per writ area. 


(21) nn za (EE) Mn/2 = 8.05 (AE) Meafe 


where mS | for all elements except hydrogen. 


22. (lithiwn) « (6/2 = 93. 
A 7 


(22) 2 = 8.23 61/2 for 1ithium; where 2 is given in kev, and ¢ 
is in me/om. 


Since the stopping power of lithium was calewlated to be 
157 kev_om® 
mg 
we my write: | 
(23) 2 = 0687 (at)1/2 where mis in kev and AE is the target 


thickness in kev. From this eqmtion, the following table is 
computed ¢ 
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10 2208 he90 
5 1h? 36 
h 1.31 3-09 
3 1.1) 2.69 
2 0.93 2.19 
1 066 1.55 
0.8 O06 1.08 


Assuming a normal distribution, the half-width at half maxi~ 
mm (ls) is given bys 


i * 16178 02 baal Ov? Th (an)i/2, 


The value of 21s 4s given in the above table for ready 
comparison with the proton energy spread of the beam, which is 
about 1.) kev, for an 0.075 percent energy definition. 

Tt is now desired to determine the minimum value of target 
thielmess for which equation (1) my be expected to be valid when 
threshold is to be determined by extrapolating the linear portion of 
the yield curve to the axis. It is mlikely that a precise theoreti- 
eal treatment can be given. Rowever, an approximate value for this 
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minimum thickness may be obtained by qualitative arguments based upon 
some rather crude assumptions, in the following manner. 

The geometric peak is treated as a resonance peak with full 
width at half maximum of the order of 1.) (Ep - Br). It is shown 
(Section 3D of reference (9)) that for a resolution equal to or less 
than the width of half maxinmm of the resonance peak, the min effect 
is to depress the peak without changing the slope of the linear por 
tion of the curve. Applying this condition to the geometric peak for 
a resolution of 2[, at follows that for 


[* 20.7 ak << O67(By = Bp) 


extrapolation to the axis of the linear portion of the rise curve 
should still give a good value of the reaction threshold. Although 
the peak has been depressed, there will be no appreciable shift in 
peak position, inasmuch as the geometric peak is only slightly 
asymmetrical. Thus, the value of (Ep - Er) obtained by extrapola- 
tion is essentially the same value as would have been obtained with 
no resolution, and equation (1);) will be valid. 

The resolution (21 ) used in the foregoing discussion is 
the resultant of energy spread in the beam and streggling in the 
target and will be of the order of the larger of these two reso- 
lutions, considered separately. A slightly better value is obtained 
if it is assumed that these two resolutions add as Gaussians: 
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where I", is the halfewidth at half meximu of the energy distribu- 
tion in the beam. Actually, the shape of the energy distribution in 
thn bonne te largely dependent upon the exit slit width of the mg- 
netic analyzer (private commmication with . lM. Preston), departing 
from an approximte Gaussian as the slit width is decreased. 

Applying the foregoing results to the specific case of a 2<kev 
target thickness and a l~mm slit width gives: 


aVx [te.a9)? + (2h)? ] ME 26 ta 
Since ["= 1.3 kev, the condition for validity of cquation (1)) 


r < Cel bE hecomes 
T’ <b kev, 


and this inequality holds for the conditions stated. 

The conclusion to be drawn from the foregoing is that equation 
(l:) will be valid for target thicknesses of about 2 kev minimum, when 
the threshold is determined by extrapolation and slit widths of 1 m 
are used on the Rockefeller generator. 

For [* > Oc? (Ep = Br) , extrapolation to the axis gives an 
apparent threshold energy By’ which is less than %, since the slope 
of the curve is decreased. Assuming that the peak position is not 
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shifted because of vesolstio, equation (1h) becomes: 


(25) AB = Eyp=Bp=K = By = Bpt = K= 5 Bp 


where © Ep 4s the difference between the true and apparent threshold. 
This could be determined experimentally for various values of resolu- 
tion and target thickness. It is apparent, however, that equation (1h) 
may still be ued with reasonable results if the position of Ip is 
accurately mom. An acowrate method for determining the absolute 
value of By is to masure the yield over the "rise" portion of the 
geometric peak of a target which is several times thicker than the. 
proton orrgy resolution of the beam (AB ~ 20 kev), using an effee~ 
tive half-angle of the counter, such thet B, = Ip ~ ) kev. Equa- 
tion (13a) then applies over the lower portion of the curve where 

the shape is not affected by the relatively small resolution. 


Hp oC (EB, = By)? 


A plot of %42/3 shoud thus be linear and ite extrapolation to the 
axis should give an accurate value of By. The extrem lower portion 
of the yield curve must of course be neglected as it has been dis— 
torted by the incident proton energy spread. 
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VIII. THE CALIBRATED LONG COUNTER 


The use of a calibrated lone counter for determining the thick 
ness of lithium targets is mantioned by Hanson, Taschek, and Williams*. 
Aging of the target caused by oxidation, contamination, and the like 
causes the geometric peak to shift toward higher proton energies, 
since the total mumber of atoms has increased. However, the yield et 
proton enercies well above threshold is essentially the same for either 
the fresh or the aged target, since the mmber of lithium atoms has 
not changed while the geomtric effects tend to disappear with in- 
ereaging proton onergy. This is attributed to the fact that at pro- 
ton energies greater than Ey, the neutrons are emitted more nearly 
isotrovically in the laboratory, and the distribution of neutron 
energies is more nearly wiiform over the face of the counter. The 
change in the shape of the yield curve as a tergeot ages is clearly 
shown in Figure 17 of reference (1). 

It is important to note that target thickness as obtained by 
& calibrated counter way be wed for determining the number of tar- 
get atoms for either a fresh or aged target. However, the target 
thickness for purposes of determining the neutron resolution (arising 
from this target thickness) can be obtained with a calibrated comter 
only for a fresh tergot. Conversely, the “rise” method gives target 
thiekwwss for purposes of determining the neutron resolution (arising 
from target thickness) for both fresh or aged targets; whereas it leads 
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to a determination of the number of target (lithium) atoms only for 
fresh targets. Hence, the necessity of vsing fresh targets is appar- 
ent when one desires to calibrate a counter in terms of counting 
rate per mit target thickness, if thickness is determined by the rise 
method for the purpose of calibration. 

A measurement of the thickness of a fresh target by the "rise" 
method followed by a measurement of the yield at a proton energy 
above 1930 kev in a region where the cross section is nearly constant 
serves to calibrate the counter in terms of counting rate per mit 
target thicimess. Om my select a region of marly constant cross 
section either above or below the 2.2l<Mev resonance. The region 
above the peak should give better results as the geomtric effect is 
less pronounced than in the region below the peak. 

A ealeulation will be mde to determine the linmarity of 
neutron yield with respect to target thickness for various counter 
positions far an incident proton energy (Ey) of 1960 kev. This 
particular value is selected not only because the cross section will 
be nearly constant for all possible FE values within targets of thick 
ness 0 to 30 inv, bub aleo becawe equation (Af) will apply through 
out since E> Ey for all possible E values within the target. 
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and since o” is noarly constant: 
Eo 


(26) % * se f G3 dE. 
Equi 


As the proton energy increases, G3 approaches a limit which is 
constant for a given half-angle of the counter. Thus, the counting 
rate (Ng) approaches (o-Z G3) AE = const AE. 

If, however, we evaluate No at Eo = 1960 kev, 
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Another form of the expression for 03 is used here (equation 
360 of Appendix A)s 
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[2 ext 6 ( 2 | A+ 041253 hence, only two terms are 
mom, Bok, 


needed in the series expansion of the breckets containing this factor: 
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Pirst integral: 
Eo 
f de = AE 


Secomd integrals 
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Third integrals 


Eg 
zi oe veal A 1/2 . 
fie dB = Ey Gear since £1/2 is 


nearly constant over the range of integrations This is readily 
integrated: 
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Neglecting all terms except the first two in the expansion of 


[ce = By) = an a » one obtains: 
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Equation (30) is evaluated for various @ and various AE in 
Tables VI through VIII, the final results being displayed in Table 
VITI. From this table, it is seen that the counting rate per unit 
target thickness is practically constant for any given half-angle of 
counter. The results exvressed in Table VIIT are plotted to cive the 
curve of Pigure 2. The linearity of counting rate with respect to tar~ 
get thickness for a given half-angle of the coumter is displayed in 
Tables VII (A=H). 
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TX. THE EXPERIMENT AND RESULTS 


The purpose of the experiment was: 

le To determine the effective half-angle of the long 
counter used in this laboratory (7.5<inch paraffin diameter completely 
shielded with cadmium to reduce background of therm] neutrons) as a 
function of the distance from the target. With this counter there my 
be a slight dependence on target thickness; it was desired to check 
this point. 

2. To apply equation (1) to experimental yield curves 
of targets of several known thicknesses for various counter positions 
in order to check the validity of this equation. 

A convenient method of determining the effective halfingle of 
the eomter for various positions is as follows! Adjust the values 
of target thickness and counter half-angle to obtain a best fit be- 
tmeen the theoretical yield eurve? (equations 12 and 13 apply) and 
the experimental curve for one relatively large half-angle of the 
counter. A calibrated counter placed successively at various distances 
from the target will give a set of relative comting rates per unit 
target thickness. These relative coumting rates, in conjumetion with 
Figure 2, determine a family of gesethin curves of effective half- 
angle versus distance from the target. The correct curve is selected 
from this family by using the value of Gore found in fitting the 
theoretical and experimental curves, as mentioned above. 
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Three lithium targets of various thicknesses were prepared by 
evaporating the metal in vacuum onto a tantalum backing rotating ec- 
centrically with the beam axis. This apparatus is mounted on the 
beam exit tube of the Rockefeller generator, making it wunecessary 
to expose the target to the atmosphere at any time. The need for 
fresh targets in correlating target thickness by the "rise" method 
and by calibrated counter is discussed in Section VIII. 

An experimental yield curve was determined for each target 
and for each of the following distances from counter to the target: 
39h, 18, 11, and 7.5 inches. (The ll~ and 18-inch yield curves 
were omitted on the third target because of lack of time.) 

| The frequency meter normally used for selecting the desired 
proton energy was inoperative on the day allotted to this experiment. 
The standby frequency meter, which was used, had an indeterminable 
frequency drift that caused the oroton energy to be in error by a 
varying amount up to 3 kev mximmm. Because of this, the yield 
curves from two of the three targets were completely unreliable 
from the viewpoint of this experiment. The remaining target gave 
reasonably smooth curves, but they are not considered to be accurate 
enough for determining the effective half-angle by fitting a theo- 
retical curve. The yields obtained age tabulated in Tables I (A-D) 
and the experimental curves are presented as Figures 3, ), 5, and 6. 
In the regions of interest, enough counts were taken so that the 
standard deviation could be neglected. 
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A regulated high-voltage supply was the source of the 2250 
volts applied to the BF; detector. (This voltage corresponds to 
the center of the plateau for that particular counter.) The count~ 
ing rate with a Re-Be standard source on top of the counter was 
determined at intervals over a poricd of three days and never varied 
more than 2.6 percent. 

The BF; detector was a Model 3 hO8 Mark 2, manufactured by 
Radiation Counter laboratories. The output pulses were fed throngh 
&@ preamplifier to a Model 100 amplifier, thence to a Model 1060 
mltisealer mrufactured by the Atomic Instrument Company. The 
discriminator ie an integral part of the complete multiscaler wit. 

Counts were taken for an integrel number of microcoulonmbs 
of charge on the target. If the beam current changed appreciably 
during a run, the count was repeated. 

Packground wes small enough to be neglected throughout this 
experiment. 

In an attemmt to derive from this experiment som information 
that would be of immediate use to this laboratory, it was decided 
to proceed with the assumption that equation (1h) is valid and to 
select that particular curve from the family of possible curves of 
effective half-angle versus distance from the target which would 
produce the observed shift in peak position at the various counter 
positions. 
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Since the yield is slow varying in the vicinity of 1960-kev 
proton energy, the counting rates are hardly affected by the fre- 
quency drift experienced and may be used for all three targote. . 
In Table VIII, it is shown that the counting rate per unit target 
thickness is independent of target thiclmess for the counter half- 
angles usede mene whe of counting rate per unit target 
thickness for the three targets is calculated, ani the relative 
counting rate determinede 
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TABIE I (A) 


Experimental Data 
Counter at 0°, 39. inches from Target 
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No. 2 10.1:68 
| oh70 
72 

oh'73 

176 

“79 
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Nos 1 10.680 


Noe 3 10.680 


Counts 
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TABLE 1(B) 


Experimental Data 
Counter at 0°, 18 inches from Target 


vanget (bersaveten) Counts 
Noe 2 10.478 206 
oh 81 1017 
82 9937 
hf onsite 
96 26315 
hee 33223 
«h90 3080 
292 L183) 
hh h3h72 
h96 I1h:300 
198 15900 
500 18287 
802 hh162 
510 38790 
680 1783) 
Nose 1 10.680 25 320 


Noe 3 10.680 a 
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TABIE I (GC) 


Experimental Date 
Comber at 0°, 11 inches from Target 


a 


Now 2 10.178 
0:80 
oh 83 
oh 85 
89 
0193 
01:96 
298 
«500 
2502 
0506 
2680 


Noe 1 10.620 


Noe 3 10.680 
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TABIZE I (D) 
Frequency 
Target {Me gacyeles) Counts 
Nos 2 10.4855 26bh 
oh 88 1,370 
oh 91 29869 
ohh 47787 
97 62822 
99 6822), 
e501 72367 
9303 81286 
2505 86557 
507 85522 
509 8h 755 
511 82615 
2525 7376 
680 33912 
Noe 1 10.630 49807 
Nos 3 10.680 L399 
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Neutron Counts/Microcoulomb x (4x 10°?) 
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Figure 3 


Neutron Yield from Li’ (p,n) Be” 
Target Thickness 644 Kev 
Distance from Target to Counter = 39.4 inches 
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Neutron Gounts/Microcoulomb x(4x ioe ) 
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Figure 4 


Neutron Yield from Li’ (p,n) Be’ 
Target Thickness 6.44 Kev 
Distance from Target to Counter = 18.0 inches 


Neutron Counts/Microcoulomb x(2 xl07°) 
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Figure 5 


Neutron Yield from Li’ (p,n) Be” 
Target Thickness 6.44 Kev 
Distance from Target to Counter = 11.0 inches 
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Figure 6 


Neutron Yield from Li’ (p,n) Be’ 
Target Thickness 6.44 Kev 
Distance from Target to Counter = 7.5 inches 
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Distance Counts per 80 ,Coulonbs at 1953-kev Proton Energy 
saree ranges 2 a 
39h" 6432. L691 21297 
18.0 25320 17534 ~ 
11.0 61,856 0968 - 
105 996UL 6782) 351592 


Since the counting rate per writ target thickness hould be 
constant at any given distance from the target, the maker unity 
is arbitrarily assigned to the values obtaining at 39.) inches and 
the ratios calowlated with reference te it. 


Distance Relative Counting Rates per (nit Target Thickness 
Target Target 1... Target 2. Tareeh 3 | Average 


39)" 2 1 1 1 

18.0 39h 37h ~ 3-9: 

11.0 10.08 8.73 - 9h 
705 15.49 Ih oh Uso? 1.82 


These average relative counting rates are mintained but are 
normalized to fit the curve of Figure 2 so that the effective half~ 
angle has in suecession the values 3°, )°, and 5° at 39.1, inchos 
from the target. 
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Counter me °, fe Pore 26 
390)" 1 +361 3.0 63 heO 1 5 
18.0 328k 1.386 5.8 2h2 Te? 38h = 908 
11.0 9 oh 30397 Go2 5.93 12.62 9-h1 15,5 


75 1h 81 ' 5 3h6 11.6 933 154k WB1L 19-6 


From these values are drawn the three curves of the family of 
curves of effective half-angle versus distance from the target (Fig- 
ure 7). 

The difference between the peak and threshold positions in 
kilocycles is taken directly from the yield curves. These frequency 
differences (AF) are converted into proton energy differences by 
the relation: 


(31) (Ep + Ey) kev -3 AF 

where S8/SF = 063575 kev/ke. for oF in kilocyeles and a proton 
erergy of 1982 kev. Target thickness is taken as the value of the 
proton energy difference between the peak and threshold (BE, - Br) 
with the counter at 39; inches in accordance with equation (1h), 
Since the correction term (K) is negligible in this case. Entering 
Ficure 1 with the value of target thickness (AE = 6.) kev), one ob- 
tains a value of Orr for each value of E,,~ By. The results follows 
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Distance 
from 
Target AP (Jeo) eat = 
39.4" a 6ehk = ak - 
18.0 . 18 Gelili rad 
1.0 19 6.30 14° 
705 20 7-15 18° 


The values, re = 1:°, 18° are plotted on the family of 
curves in Figure 7. The most probable curve is now drawn through 
these two points, giving the best value of the effective half-angle 
of this particular counter for any counter position between 7.5 and 
39h inches. This curve my be extrapolated to som extent in 
either direction. 

The following table may be of assistance in applying the 
above results to a long counter with paraffin diameter slightly 
different from the 7.5~inch diameter used in this laboratory. 


Tan © ° 
Distance (4) 5 3.75/48 (Actual) Soft. 
390k" 209525 5 23° h.6° 
1820 20833 11.77° 99° 
1.0 23h091 18.829 1h.0° 


7.5 250000 26.579 18.0° 
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Figure 7 


EFFECTIVE HALF -ANGLE OF 
THE COUNTER vs DISTANCE 
FROM THRE.. TARGET 
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—-——- Possible curves of a family 


——— Most probable curve as 
determined by the 
experiment. 


Distance (inches) 
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X. APPLICATION OF BQUATTOW (21) 


The determination of target thickness, as given by equation 
(1), consists of four steps: 

A. Determination of the effective half-angle of the 
counter. This value my be taken directly from Pigure 7 when using 
the lone counter employed in this laboratory. 

B. Determination of the reaction threshold by either 

1. Extrapolating the lower linear portion of the 
curve to the axis; or 

2. A supplementary exveriment using a target of 
about 20-kev thickness and an effective half-angle of about h de- 
grees after the method described in Section VII. This method is 
useful only if the proton energy is very closely controlled and 
measured so that measurements of the threshold value may be dupli- 
cated within very narrow limits. 

C. Measurement of the energy difference between peak 
and threshold (Ey + By) directly from the experimental yield curve. 

D. Unter Figure 1 with the appropriate values of Garr 
and Ep - Pr to get target thickness directly. For endoergic reac- 
tions other than the I4(p,n)Be? reaction, target thickness must be 
caleulated by equation (1). 

One my also use Figures 1 and 7 for selecting a suitable 
counter position, assuming that a rough estimate of target thickness 
is available, either from past measurements of thickness or by visual 
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inspection. In this connection, the lower dashed portions of the 
curves in Pigure 1 should be avoided, as the peak position is not 
very sensitive to target thickness in these regions. 
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XI. CONCLUSIONS AND RECOMMENDATIONS 


As a result of this study, it is concluded that the most 
accurate value of target thickness will be obtained by fitting a 
theoretical yield curve to the experimntally determined curve as 
deseribed by Bonner and Butler3 and discussed herein. However, the 
method deseribed in this thesis should give very good aporoxim tions 
of target thickness with but little effort from the very mmner in 
which the effective half-angle of the counter has been assigned. 
The ability to measure the target thickness by the rise method for 
various counter positions is certainly an advantage as higher count- 
ing rates can be obtained with the use of a lower beam current; 
hence, the effects of ageing of the target while measuring the 
thickness will be decreased. This could be important when wing 
thin targets, as they are subject to considerable thickening after 
only a few hours of use (Hinchey, Preston, and Stilson, unpublished 
data ). 

The informtion presented in Section VII dealing with proton 
energy resolution leads to the conclusion that this method cannot 
be expected to give nearly so good results for thicknesses of less 
than two kilovolts as would be expected for the range from two to 
twenty icilovolts. 

To extend the results presented in this thesis, the follow 
ing recomendations are mde: 
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Ae Perform the experiment outlined in Section IX 
in order to: 

1. Obtain a more accurate value of effective coun- 
ter half-angle if possible. 

2. Determine whether the effective half-angle 
varies with target thickness. Any such dependence should be small 
and could be presented as a family of curves similar to the curve 
of effective half-angle versus distance of the counter from the tar~- 
get (Figure 1). 

3. Check the accuracy of the results presented 
herein for various counter positions and target thicknesses. . 

Be Perform a series of experiments to determine the 
difference between the actual threshold and the apparent threshold 
as determined by 2 linear extrapolation to the axis. This informe 
tion would be particularly helpful when using very thin targets 
(less than 2 kev). 

GC. Determine the optimum dimensions and croperties of 
a counter to be used specifically for masuring target thickness. 
In this connection, consider the fact that the counter will be used 
for endoergic reactions other than the Ii!(p,n)Be? reaction. 

D. Make calculations for the ¢3(p,n)He? reaction similar 
to those presented here for the 147(p,n)Be? reaction, inasmuch as 
tritium targets are commonly used in this laboratory as a neutron 
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APPENDIX A 


MERIVATION OF G 


In deriving the expressions for the fraction G of neutrons 
from an elemental thickness of target which enters the counter, 
Figure 8 applies throughout. The basic assumption is that the 
neutrons are emitted isotropically in the center-of-mss system. 
Sphere A represents the loens of neutron velocity vectors (V,) 
in the conter-of~mass system. The velocity of the center of mss 
(Vem)is then added to each point of sphere A to obtain sphere B 
which is then the locus of neutron velocity vectors in the labora- 
tory system. The counter subtends a solic angle at the target in 
the form of a cone, the half-angle (half of the apex angle) of 
which is designated by 9. Tf sphore B Mes entirely within this 
cone, then all of the neutrons will strike the counter. If the 
velocity of the center of mss is less than the neutron velocity 
in the center-of-mass system, then neutrons from an area Ay on the 
sphere B will strike the coumter. For the situation intermediate 
between these two, there will be a high-energy group of neutrons 
from area Ay and a lower-energy group from area Ay, intercepted by 
the counter. The number of neutrons in the groups has the same 
ratio to the total number of neutrons as the area in question 
bears to the total area of the sphere. 
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The following swamry is given to clarify the three 


situations: 


E * proton energy (instantaneous) 

Eo * proton energy (incident upon the target) 
Ey = proton energy (threshold) 

Eg * proton energy (y = 6) 

Ey = proton energy (y = 1/23 Vy = Vom) 

G = fraction of neutrons entering the counter. 


a Sn 
Ep < E< EB, ¥<@ All neutrons strike counter 


E,< 2< by <7 <H/2 Two groups 


Er, <5 ~ = W One group 


Vn # neutron velocity in center-of-mass system 

Vem ™ Velocity of center of mas 

Ay 1, * area on surface of sphere B through which 
pass the high= and low-energy groups of 
neutrons respectively, which are intercepted 
by the counter. 
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5 ow on ee = 
sin (19) sin 6 sin g sin @ 
Therefore sin? = =e sin 
cos g « [2 - ton? sin 0 | Ye 
Vn 
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en (9 + 8) = cos J cos 8 ~ sin J sin @ 


= cos 8 [2 - 429m) sin? @ | “2. Yen ain? 9 
n > 


eos V , = cos (9 = @) = eos J cos @ + sin g sin @ 


= cos 6 p-qe’ sin? @ 7 + San? o 


“- fy +8 Ay ‘jin ( $+ tor Von 7? Yn 
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G+ 1/2 {1~cos @ [1-qa* eit 0s Ten. sa? } 


#17 §{1- cos 6 [1 = Cony? sin? 0] ™* - Vom vin? of 
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Von ofl a/a 
(32) @ = 02 =1~ 008 @ | 1~ (72) ein 9] for BR <8 < By, 


cm seayean ficene [aac ante] 


— 2 f 
+ <ga- ain” @ © ° . * for E 7 & 
When Vy © Ven, G2 = G3 = sin* 9. 


let my, = projectile particle mss 
™% © target particle mes 
m3 = resultant particle mass 
™, © product nucleus mass 
Q = Quvalue of reaction (negative for endoergic reactions) 
V, * projectile particle velocity in laboratory system. 
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(3h) +(e [= -—- J} (reference 1) 
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, ) Sb ee (=~ 5,)}°% = const (B = Bp)? 


(Yom 2 , m3 ( : 
Va mm, 5 «Ey 


Hence, the expressions for G 5 3 my be writtens 


(36a) Gy *2 * * * ° aa ° * * e * * ° . gE< 


E 29 1/2 
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T= 
If Eg is defined as the proton energy at which the solid 
angle of the neutron cone is equal to the solid angle subtended 


at the target by the counter (1.e., y = 0 at B = E,), thens 


Vom 


= sin’ © 


Eg values are calculated for various @ (for the li(p,n) 
reaction only) in Table TI, Appendix B, and presented as a curve 
in Figure 9e 
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APPENDIX B 
COMPUTATIONS RELATIVE TO THE 147(p,n)Be? REACTION 


The following values will be used in comection with the 
14.1(p,n)Be? reactions 


Ep © 1.862 Mev 

Q = 1.6456 Mev 

m = mp) = 1.007593 
mM = mld’) = 7.01659 
m, = mn) = 1.008982 
m, = m(Be?) = 7.01697 


The threshold and Q-values are those determined by Herb, 
Snowden, and Sala”” 
pilation used in this laboratory (from numerous sources). 


» While the nuclear mss values are from a com 


My + My » §.02h183 
™ m5 =  1.0166)32 
Mp ™, = 9.235202 


pr Sew | = 0.0206), 87 
m ™, 


1-2 = 0.9793513 
mp ™, 


-70= 


(42) Er, 8 oa = 1921.68 key «= ep + 3968 kev. 
1 = ed ; 


(3) & ® ——= ee eee 
le say win? @ 1 = 0.020687 sin? @ 


Squation (h3) 49 used for computing E, (Table IT) for effec- 
tive half-angles of the counter up to 30 degrees, and the results 
are given as the curve of Figure 9. 

Values of k for various half-angles of the cowter are cal~ 
culated from the relation (equation 33): 


i ® (2+ "283 gin? @)*/2 oon @ = (72.)¥2 cee 6. 
mpm, ne 


These k values are given in Table III for later use in other compu- 
tations « 
In Table IV is the computed value of 
h(E, = Bp) 
Ke+ife -2 
used in Section VI for determining the region of the geometric 
peak. 
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Tables V (A<3) includes the calculations for the correction 
term K and target thickness Af for various values of the proton 
energy difference between the geometric peak and threshold (5, - Bp) 
according to equation (11): 


(1b) Ak = By = Bp -K 
2 
wire B® [(8, = 09)? ~ etn, = 0)? | 
- Curves of AE versus (E, = By) for values of Ore from h to 


28 degrees are constructed from the resulte of Table V and presented 
as Figure i. 
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TABLE IT 


Evaluation of E, for various effective half-angles of the counter 
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sin? 9 
2001218 
«002739 


(Equations 37 and 3) 


#0206187 


sin? @ 


#000025 
000057 


By (kev) 


18826017 
1882.107 
1882.18 
1882295 
1882 ..):25 
1882577 
1882.753 
1882.950 
1883-173 
18830116 
1883.682 
18834968 
188: .278 
188.957 
1885.718 
1886.556 
1887 69 
1888.450 
1889.97 
1890.60h 
1891.765 
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Figure 9 


COUNTER HALF-ANGLE (€) 
versus Ec¢ 
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Bvaluation of k as given by Foavation (38) 


Be-Pr = (r/o) «Sp /Re) V2 


0047 
107 
188 
0295 
oh25 


2.278 
26957 
3-718 
556 
5 #69 
62450 
Toh97 
860k 
96765 


99998 


cos 8 
099939 
99863 
99756 
99619 
99U52 
299255 
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TABLA IV 


Svaluation of R ® h(gaBp)/(k?+1/e%—=2) (Section VT) 
kk and (Ee + By) are evaluated in Table IIT 


Note: 


ait gant) snctanis) beh a 


1.0012) 
1.00282 
1.00995 
1.00782 
1.01129 
1.01539 
1202016 
1.02560 
1.03173 
1.03856 
LeOh6L1 
1.05h:h0 
1.06316 
1.08393 
1.10775 
1013522 
1.16662 
1.20233 
12):282 
1.28858 
1.31025 
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200001 
«000025 
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Oel:25 
00577 
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TABIE V(A~G) 


Evaluation of the correction term K and target thickness 4E in Equation 1) 


for an effective counter half-angle @,¢¢ of |-28 degrees 


Ser ee) ete rte) Ctl wena Ae 


2 
k 
8 
12 
16 
20 
8 2 
L 
8 
12 
16 
20 
12 2 
h 
8 
12 
16 
20 


1.1421 
2.00000 
2828)3 
3-h6410 
00000 
bh 721h 
1.1421 
2.00000 
2-828h3 
3-610 
b; «00000 
hy72) 
1.41221 
2.00000 
2.82843 
3-16L10 
),.00000 
hb 72Uy 


1.812 
3.812 
72812 
11.812 
15.812 
19-812 
1.27 
3+2h7 
72h7 
11.2h7 
15 2:7 
19 .2h7 
0.318 
2.318 
6.318 
10.318 
1: .318 
18.318 


1-3h617 
1.952h5 
2.79500 
3.43685 
36976) 
heh5108 
1.11669 
1.80193 
2.69201 
3435365 
3090477 
38712 

56392 
1.522h9 
2651355 
3.21216 
3.78388 
1.27999 


1.3282 
1.91759 
2.7880k 
322829 
39665), 
h, «sh 000 
1.10560 
1.78101 
2.66531 
3-32035 
3.86600 
«3h, 356 

55135 
1.):8855 
2 ohi5752 
3.1056 
3.6995) 
ho18h59 


2 

K 42 
°07139 005 2 
-62h1 .003 
-0h039 .002 8 
03581 .001 12 
03316 .001 16 
+0321 .001 20 
»30861 4095) «149 
-21596 «0h? Sk 
©16312 4027 8 
+1h375 =. 021s «212 
-13,00 .018 16 
012858 .017 20 
086286 «=6«ThS «= 143 
o51UsS = 0262367 
037091 138 S769 
03235h = e105 1169 
+300h6 2090 15.9 
e28755 2083 19.9 
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TABIE V(A~G) 
(Continued ) 


1 


p | 1 1 
Sere (ByBr) (Bprtr)® (Epo) (EpeBe)” K(BpBe)® Rk 


16 


h 
8 
12 
16 


Bd 
So 


SkRKB S&S KR Rw SRK @w 


2.00000 
2..828h3 
3eh6h10 
b:.00000 
h 7214 
223607 
2.828h3 
3-610 
b 200000 
heh 72Us 
2 .828)3 
3.8610 
l .00000 
hh 722, 
3.16278 
3.h6h10 
b «00000 
by 72Us 


1.0h3 
5 0h3 
96043 
13-043 
276043 
Oellidy 
Sobilidhs 
Tolidihs 
Mbhh 
15 wlubh 
1.550 
5.550 
9.550 
13.550 
1.396 
3.396 
70396 
11.396 


1.02127 
2.21569 
3.00717 
30611514 
b »12832 
66633 
1.85580 
2.72836 
3238289 
3.9298 
Le2hh9S 
2.3558 
3409033 
3.68285 
1.18152 
1.8282 
2.71956 
337580 


0.98093 1.01907 1.039 
2015699 671s) oh51 
2.88839 «S771 331 
346886 5312, .282 
3496525 250689 257 

62538 1.61069 2.59 
1674176 1.08667 1.181 
2.56070 .903h0 .816 
3017501 82499 .681 
3.68835 .78379 61) 
1613538 1.69305 2.867 
2.14850 1.31560 1.731 
2.91835 1.18165 1.396 
3.35872 1.113h2 1.2h0 
1.0h085 2.12193 4.503 
1.6231 1.8)069 3.388 
2639577 1.60123 2.57h 
2.97388 1649926 2.2h5 
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TABIZ VI (A) 


Evaluation of terms included in equation 30 


Ces 8 
sin? 
20027h: 
00757 


+0103 
sinh 6 
«00003 
200008 
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SE (kev) 

1 

2 

k 

p 

12 

16 

20 

2h 

28 

32 
o 
3 
5 
7 
10 
13 
16 
20 
2h 
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TABIE VI (B) 


bn 78 e 4038671 


Ln(18 = Ab) bn 78 - Eat78 -a8) 
bh» 3h381 291290 
4.33073 202598 
3007 00526); 
2h 850 210821 
he18965 016706 
4.12713 222958 
0604) 029627 
3295898 °36773 
3.91202 ehhh69 

| 308286) 252807 
TABIS VI (C) 
snniniasciilatiaiitata METI niapsunitisapiitstiteiabiit 


00337 aE + 0.05312 [ bn 78 ~bn(78 - at) 


200935 AE + 0.167) 
201859 aE + 0.28573 
eO37h9 AE + OS 755K 
006250 AE + 0.95568 
20908 AE + 1.11598 
ol:Sh9 aE + 2213080 
220687 AE + 2.92996 
Evaluation of terms appearing in equation 30 
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TABIZ VIT (A) 
Evaluation of equation 30 for a counter half-angle of 3 degrees 


AE 00337 AB 405311 Ln( 78/788) (2/0 Z)Ng Ngoc (2/o 2)No/AR 
1 00337 00069 10006 14000 200,06 
2 .0067h 200138 200812 2.000 200,06 
h 01946 00280 101628 002 -00h07 
8 02696 00575 03271 8.057 0009 
22 Oh Obs 00873 sOb917 22.222 00h 10 
16 605 392 201219 206611 16.283 200413 
20.0670 01573 608313 20.75 -00h16 
2h 08088 201953 1002 2.732 0018 
28.0936 202362 “11798 29.059 200h22 
30 6 1078h 202805 013589 33-170 20025 
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TABLE VII (B) 


Evaluation of equation 30 for a counter half~angle of 5 degrees 


20093588 167 Ai(78/78—aE) (2/e-2)No Mo ~_ (2/o-Z)Nie /AB 
200935 290189 02112), 1.0000 0112), 
01370 00381 002252 =. 2.003 01126 
003 7L0 200772 o:512 ) Ol 01128 
. 607,80 01588 009068 $.068 0113) 
«11220 202452 13671 =: 12.163 201139 
1,960 203369 18329 16.307 01146 
+18700 00h3h7 23017 20.50 01152 
0220 005396 027836 = 0 765 01160 
+26180 206525 «32705 29.097 01168 
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TABLE VII (C) 


Evaluation of equation 30 for a counter half-angle of 7 degrees 


AE 201059 ak 228573 Pol 78/79—ae) (2/e-Z)ilo Ne (2/e-2)Nig/AB 


1 01889 200369 02228 1.0000 .02228 
2 03718 0072 = «O60 2.002 02230 
h 0736 20150h 208910 4.013 = 602235 
8 «1872 203092 01796 8.063  .022h7 
12 3~—s_ 6 22308 +0773 #27081 12.155 .02267 
1 8366 297Thh 206560 ©3630 16.29; 02269 
20 «37180 08L65 SOLS 20h87 02282 
2h «= his6 °10507 055123 2he7i1l 02298 
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064.758 29-066 02313 
7577 330473 02331 
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TABIZ VII (D) 


Evaluation of equation 30 for a counter half-angle of 10 degrees 


2 037h9 00072 e0hh91 1.0000 oho 
2 0798 20195 008993 2.002 oOLL97 
i 14996 203030 018026 =k OU: 0h507 
8 4.29992 006228 036220 8.065 201,528 
22 ~—s oki 988 009615 +5603 12.158 01550 
1% = 65998, 13213 °73197 164299 0575 
20 = 6.7980 17052 92032 20h 93 20,602 
2, 89976 o2116h 16111,0 2h.7h7 20h631 
28 1.01972 02559h 1.30666 29.073 01663 
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TABIZ VII (8) 


Evaluation of equation 30 for a counter half-angle of 13 degrees 


AB 96250 as 95568 Pn(78/78—0k) (2/o-Z)Ne _NeSS (2/o-Z)No/ak 


1 4.06250 01233 007483 1.0000 .07h83 
2 12500 02h.83 14983 2.002 07192 
k 25000 205031 + 30031 013 07508 
8 50000. 10311 6031 8.06 O75L3 
1275000 015966 090966 =: 12.156 007581 
16 1.09000 o219);1 1e219h1 = 166296 007621 
20 1.25000 2831): 16533: 20.188 007666 
2h 1.50000 35143 1.85143 2h.7h2 007714 
28 1.75000 oi 2h98 21798 29.066 207768 


32 2.00000 «5067 2-50)67 33h71 207827 
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TABIZ VII (F) 


Evaluation of equation 30 for a cowmter half-angle of 16 degrees 


20908 AB 1.41588 Gal 78/188) (2/o- 2 ilo Ne (2/o-2)Nc/AE 


AB 

1 209,08 201826 01123h 1.0000 o1123k 
2 18816 203678 8229; 2.002 112h7 
h «37632 207153 ohS085 h.013 12272 
8 47526 015321 90585 8.063 11323 
12 1.12896 22365), 1.36590 12.156 11379 
16 1.80628 «32506 148303) 16.293 «2139 
20 1.88160 eh19h8 2.30108 20.483 =» 11505 
2h 2.25792 252066 2.77858 the73h «11577 
28 3 -2.63h2h 62963 3226387 29.053 11657 
32 


3201056 «7768 2.7582 = 33eh 5) 1175 
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TABLE VII (G) 


Evalwtion of equation 30 for a counter half-angle of 20 degrees 


88 PFSR BR wo & w ep 


l:5h9 


2027h9 
005536 
011217 
923057 


8919 
«63129 
+78386 
o9h75h 
1.22521 


17298 

o3h63h 

69113 
1.39bh9 
2.10185 
2.81703 
3-54:109 
h-27532 
5.02126 
5.78089 


1.0000 
22002 
1.013 
8.062 
12.151 
16.283 
20h 72 
2h: «716 
20.028 
33.hI9 


«1bSu9 BE 2613080 4n(78/78—aE) (2/o-Z)Ne Ne ce (2/o-Z)Ne/ake 


017298 
017317 
017353 


“oA 7h31 


017515 
+17606 
217705 
-1 781 
017933 
«18065 


qa 
agananssas 
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TABIE VII (H) 


Evaluation of equation 30 for a coumter half-angle of 2) degrees 


PBR SB @ & w w lh 


® 8 


020687 

oh 137h 

o827h8 
1.65195 
20h 82h); 
3230992 
h.137h0 
964,88 
5 679236 
6.6198) 


203780 
207612 
015h23 
23170k 
oh,8947 
067265 
«86801, 
1.077k1 
1.30290 
15719 


«2:67 
+):8986 
098171 
1.97200 
2097191 
398257 
5 005hh 


| 660229 


7209526 
8216703 


1.0000 
2.002 
1 O13 
8.960 
12 147 
16.277 
20.158 
2h; 696 
28.999 
33-380 


20687 68 2492996 Ga(78/7Bas8) (2/o-Z)Ne We 0 (2/orZ)iig/AB 


02):467 
o2hh93 
o2h,5h3 
«2,650 
02h, 766 
»2);891 
+25027 
25176 
+25 30 
«25522 


_—_ — | 
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giddaiiiis 
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digdagineds 


TABLE VIIT 


Theoretical relative counting rates of the long counter per mit 

target thickness at 1960-kev proton energy for various target thick- 

nesses and various coumter positions (fresh targets only). Normalized 
to unity at 9 = 5 degrees. 


i ~ io 2 alu de we ofl. ale ole 
1 -361 2 1.992 32996 6.657 9.995 15.390 21.768 
2 361 1 1.980 3.99: 6.65) 9.988 15.379 21.752 
h -361 1 1.982 3.996 6.656 9.992 15.38; 22.796 
8 «361 1 16982 3.993 6.652 9.935 18.371 21.737 

12 +360 1 1.982 346995 6.656 9.990 18.377 21.7hh 
16 -360 1 1.980 3.992 6.650 9.932 15.363 21.720 
20 2361 1 16981 36995 66655 9.987 15.369 21.725 
2h, 360 1 1.981 36992 6.650 9.980 15.357 21.703 
28 o360 1 1.980 3.992 6.651 9.980 15.35) 21.695 
32 e361 1 16980 3.992 6.650 9.979 15.3)8 21.68) 
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POSSIBLE SEQUENCES OF CERTAIN DEFINED VALUES OF THE PROTON ENERGY 
WHICH OCCUR WHEN INTEGRATING OVER THE NEUTRON YIELD CURVE 


As the proton energy increases, it passes in succession 


through the values of E,,, E> 
of the five possible ways listed belon: 


oe 


Br 
Ee 
By + ab 
By + as 
at 
Ey + a& 


Ey, * a8 


EB,» By + 4B, 5, + OB, and B, + AB in one 


connie 


Ep 
Be 
By, 
Ey * 4 
E, + 4 
By + a8 


Ey * a8 
Ey + aF 


By + a8 
Ey, * 8 


/ 
The inequalities represented in each sequence will tell us 


under what conditions a particular sequence is applicable. 


Prag : 7 
mee iiacad Pe 4h 
oor 
vias to | 
| . : 
BAe | 5 
« | | 
Cod | : 
gt 23 
=m “e : 
ff 
2 
a> 
| at 
diff? = 
a 
™* ~ 
a 
RA, 


“4 


AB < By, = By) By < By, = a8) 
or 
AE > Ey ~ By) Be < By + a8 


Therefore , 


Ey, - By +k > af + Ee ~ Bp 


Be ¢ (hot), 
2 


For Li(p,n), this gives Ee < (By + 19.85 kev). 
This limitation on Be is attained by keeping the counter half=angle 
less than 5 degrees. However, there is a more strict limitation 
upon Ee, so that we gets 


Be < (Bp +as) for a < Ch) = 19.85 kev. 
Be < (8, = 08) for n> (EL) © 19.85 kev. 
Case IT: 


= oi i me 
ak < Ey, = Eo) Be < By = AB) 


ES WOT 1 % : * stich i ™ +) 

— vba : “4 al seerng 4 gd eo 
woe seats 8 Wa i — ay 
fn nt Sh + oH he pear ere ape 


| ie A 
os ae. a 
1 ane + ES See a 


Toes 


"See . wi te 
iis Oa a= a 


1- 


Be ~ By + Bye E, > 2a8 


aan < (a = 10.85 lev. 


This is the case for © = 5°, at which angle f, = Bp + 19.9 = 
By, - 19685 kev. For @< lS, Be < (Bp + 19.85) and ak < (E, = Ep). 


For @ > L5°, Ee > {Bp + 19.85) and ak < (By, = Be). 
Case TIT: 
AE > (Ey, = Ep) = 3967 kev for Ii(pyn) reaction. 


Case IV: 
ab< Ey = Ep) Eg > Ep + a2) 
AE D Ey = By nel Eo > Ez, = ak 


E,- Ep + ak > M +8, <8, 
Be 7 EOE) = (E+ 19.85 kev). 


For ak = (“E==2) = 19.85 lev, Eo = fr + 19.85 kev, and © « 15°, 


For a& > ChE) = 19485 kev, Be > (Bp + a8), and @ > 15°. 


For ab < (Ao) © 19.85 kev, Be > (By, = a8), and © > hs°. 


Thus, thie case cannot occur for @< 15°. 


wcgeeees a 
meee + | ” 
wrt ery. 
. Pp aI, mid ; 
clad SY SS OE OPE TONS | | 
a ahs oad » ot 


ah ae 


Pre 
ee: 


a 


= 


smtsonen (ya)At 2 odiwns tan 
OR 
Lyrae Lind ruteti artisans apart Nien 


a ig ee 


a fi Peres an ips ws a 


reltiee ons 3G 


oA = 6 ban .vet 24,er + * ot vot eet = (ES oEys mae 
om crtin (Cain <p <hl eanle TEE < mare a 


( ~ sf > ZA ; 
02h < © hae ,(8e = 32) < of ret Bese (aE) > ma at | 


-°° > @ wot aoe tonne saz eldt ,euiT 


Case Vs 
(AE < (By = Ep) © 39-7 kev for Li(p,n) 
” > (Eg = By) 
(aE > (By ~ E,) 

Therefore, 


Quk > (By, = Bp) © 3967 kev. 
az > ao) © 19.85 kev. 


This is the smallest value of dE which my be measured in Case V, 
and it occurs for By = (“b~“2) = Ep + 19.85 kev, which corre- 


sponds to @ = }5°, 


Therefore, 
For @ = ),5° (Eg = By) < ab < (Ey, = Bp) 
19.85 kev < AB < 39.7 kev. 
For 6< )5° (By, = B,)< ab < (By, = By) 


(Ey, - Eg)< 4B < 3907 kev 

where (Ey, = ,) > 19-85 kev. 
For @< 300 30 kev < Al < 39.7 kev. 
For @ = 5° Welh << Ab <39.7 kev. 


« @.cf + el & gt algae date fe wh 
(gi@ @) >% Ine (FR + > ON Te ee oe ey 


Mt eee vets eee 
mee = Beh <a 


J 
.Y cas) at homens ef yan dotiir’s Se enter feet lais ald at 2 bat 
~orms dotiw .vel M.ef + gi = (EES + wt oom att : 


hh tye o i oO 


~ we « “ " feed & d 
(F< g0>O> tho PM 5, < & sqm fl 
eval Yue > 24 > veal Wet 


_.§ ee | 
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ve TCE > 5A >( 58 = 24) 
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i, a Ls b 
wed Te > 4 > vee” ‘keww 


ered Fe > HR > Ps tes OT oa at 
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Summary t 
(a) For @< 5° and AE< 19.85 kev only Cases I and II are possible. 
(bo) For @<5° and 19.95< aB< (By = E,) only Case I is possible 


(¢) For 6< 5° and 19.85 << (Ey, + B,) < dE only Cases T and V are 
possible. | 


(a) For © < 30° and AE < 30 kev, only cases I and II are possible. 
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